Exploratory experiments were performed with temperature-sensitive (ts) mutants of' Sindbis virus for studies on viral pathogenesis in the embryonated egg, a host which is immunologically underdeveloped. Parent and mutants were found to be virulent at the permissive temperature (33 C), but only the mutants were attenuated at the nonpermissive temperature (38.5 C). The degree of attenuation varied with the mutant and the route of' inoculation. Chicks which survived infection by ts mutants at a nonpermissive temperature weighed the same as controls and showed no obvious abnormalities on gross examination. Whenever death of the embryo at the nonpermissive temperature occurred after inoculation with a mutant, it was apparently due to the selection of a population of temperature-insensitive virulent revertants. Kinetic studies showed that, after inoculation of the chorioallantoic membrane and incubation at the permissive temperature, a number of' cycles of virus multiplication and dissemination apparently occurred rapidly. At the nonpermissive temperature, multiplication was undetectable. Certain pathophysiological signs were seen in the slower, less virulent infections by the mutants at the permissive temperature that were apparently masked or obscured in the more virulent, rapid infection by the parent. From these results and those reported in a subsequent paper, it appears that ts mutants of viruses possess potential as valuable tools for analyzing pathogenesis and immunity in the intact animal host that are complementary to more conventional approaches which employ normal (temperature-insensitive) viruses.
inoculation of the chorioallantoic membrane and incubation at the permissive temperature, a number of' cycles of virus multiplication and dissemination apparently occurred rapidly. At the nonpermissive temperature, multiplication was undetectable. Certain pathophysiological signs were seen in the slower, less virulent infections by the mutants at the permissive temperature that were apparently masked or obscured in the more virulent, rapid infection by the parent. From these results and those reported in a subsequent paper, it appears that ts mutants of viruses possess potential as valuable tools for analyzing pathogenesis and immunity in the intact animal host that are complementary to more conventional approaches which employ normal (temperature-insensitive) viruses.
Temperature-sensitive (ts) mutations have long been recognized as a general class of mutations which can occur in many different genes controlling a variety of different functions (16, 17) . These conditional lethal mutants have lost the ability of the wild-type, temperatureinsensitive (ti) virus to multiply at a high, nonpermissive temperature, but have retained the ability to multiply at a lower, permissive temperature. Genetic mapping and pathways of virus replication and morphogenesis have been elucidated with ts bacterial (e.g., 11, 12, 13) and animal viruses (e.g., 4, 6, 7, 8, 30) .
By their nature, ts mutants are frequently "leaky," because even at the nonpermissive temperature (usually arbitrarily chosen) some low degree of virus multiplication may occur. The degree of leakiness at the nonpermissive temperature may provide a means of studying viral pathogenesis in the intact animal by virtue of a limited and slower multiplication and dissemination than occurs with parent virus. In addition, the ts property of mutants offers the potential to control the infectious process through temperature shift experiments (32 Md., were used for all experiments. The eggs were set in a 38.5 C Jamesway incubator with 46% humidity. Eggs were automatically turned every 6 h.
Viruses. The heat-resistant parent strain (HR) and the ts mutants of Sindbis virus were originally obtained from E. R. Pfefferkorn. Their isolation and original biochemical characterization were described by Burge and Pfefferkorn (3) . The ts mutants multiply to high titers and cause a cytopathic effect in cell culture at 30 (26) .
Kinetics of virus multiplication. The term "kinetics," as used in this study, is defined as the change of virus concentration with time in the tissues examined. It is recognized that several replication cycles can occur in the tissues of the embryonated egg under these conditions. It is also recognized that passive viremia may contribute to the concentration of virus in a tissue. As indicated below, efforts were made to minimize this factor. The CAM was chosen as the route for inoculation in the majority of the experiments. Tissue samples were taken 0. 5, 3, 7, 10, 15, 24, 36 , and 48 h after inoculation. The specimens of each type of tissue were pooled from three eggs, and included the amniotic membrane, yolk sac, CAM, blood, brain, and torso. Tissues from dead embryos were kept separately. For the kinetic studies at 38.5 C, a mutant viral dose of 1/10 to 1/100 the LD5, at the high temperature was used for injection; a dose that was 80 to 100% lethal was used for inoculations at 33 C. Eggs inoculated with HR for all kinetic studies received a dose that would kill the majority of the eggs (between 80 and 100% lethal).
Collection and preparation of tissues. Each egg was cleansed with a 2% concentration of iodine in 95% ethanol. The CAM was exposed by cutting away the shell within the encircled area of the air space produced when the CAM was dropped. Blood was taken from the CAM vessels by pricking the vessel so that a pool formed on top of the membrane. Blood (0.1 ml) was collected from each of three embryos in this manner. The blood was drawn into a disposable tuberculin syringe fitted with a 3/8-inch (about 0.96 cm) 26-gauge needle. To prevent clotting, a 1:10 dilution was made immediately upon collection.
Egg contents were poured out into 100-mm plastic petri dishes. Sterile scissors and forceps were used to cut away the membranes. Each membrane was rinsed in saline A. After decapitation, the brain was removed. The torso was slit up the ventral side exposing the embryonic organs which were perfused of blood with 5 ml of saline A. This was done by inserting a 10-ml syringe fitted with a 1-inch (about 2.54 cm), 22-gauge needle into the apex of the heart (1); the perfused saline A exited from the stalk area. The -torsos were perfused of blood in an attempt to determine whether a titer increase in a tissue was due to viral invasion and multiplication rather than to a passive viremia. The torsos were forced through a 20-ml plastic disposable syringe. All the tissues were placed in Pyrex vials containing glass beads and preserved at -70 C immediately upon collection. The beads were used to aid in the maceration of the tissues which were mixed on a Vortex for 30 s after each of three thawings. As a result of preliminary studies, it was found that 1 g of tissue was contained in 1 ml after centrifugation (International) at 1,500 rpm for 10 min at 4 C. Downloaded from RESULTS Properties of ts mutants. The first property of the ts mutants examined was their reversion frequency to temperature insensitivity. Cell culture stocks of each virus were plaque assayed at 30 C and 39.5 C to measure, respectively, the total virus yield and the number of revertants to parent phenotype. Titers obtained at the two temperatures and the ti reversion frequencies are listed in Table 1 . The parent (HR) had a titer of 1.5 x 101 plaque-forming units (PFU)/ ml. Sts-2 had a lower frequency of revertants than the other three mutants tested. The reversion frequency of this mutant is an estimated value since at 39.5 C, Sts-2 plaques are barely visible. The plaques were opaque, pinpoint in size, and indistinct. Plaques of the other ts mutants could not be differentiated from HR. At 30 C, no distinction could be made between the parent and the ts mutants on the basis of plaque morphology. The size of plaques varied from 1 to 3 mm in diameter.
Another property examined was the attenuation of the ts mutants at the nonpermissive temperature. Embryonated eggs were inoculated by the allantoic, amniotic, CAM, and yolk sac routes. The LD50 of each virus was calculated at the permissive and nonpermissive temperatures. The majority of deaths generally b Reversion frequency is the ratio of the plaque titer measured at 39.5 C to the titer obtained at 30 C.
occurred by 48 h after injection. The results are shown in Table 2 . HR and the ts mutants were virulent at the permissive temperature. At 38.5 C all the mutants were relatively attenuated compared to their parent. The degree of attenuation can be expressed by the log,0 difference in the LD50 titer at 33 C compared to the LD,0 titer at the higher temperature. Table 3 shows that the degree of attenuation depended upon the mutant and route of inoculation. HR shows a value close to the theoretical value of zero for all routes. This indicates that, as expected, the virulence of the parent was unaffected by temperature. The mutants all showed different positive values which were measures of their relative attenuation.
In the same experiment that the LD,0 assays were carried out, the embryos were allowed to hatch, and those surviving were weighed. There were no obvious signs of infection or change in weights of hatched chicks over the controls. This was statistically confirmed at the 1% level. The success and age of hatch of those that survived at either temperature depended upon the specific manipulations employed. Fewer control eggs hatched at 33 C, the number depending upon the age of the embryo (which b(+) = RNA+;(-) = RNA-. Kinetics of viral multiplication and dissemination. The term kinetics, as used in this study, was defined in Materials and Methods as the change of virus concentration with time in the tissues examined. It should be recognized that several rounds of replication can occur in the tissues of the embryonated egg under these conditions. Experiments were conducted in an attempt to determine the tissues that supported growth, and to obtain an initial approximation of the pathways of viral dissemination. Plaque assays for recoverable virus were carried out at 30 C.
Eggs were inoculated by the CAM route and incubated at the nonpermissive temperature. After varying periods of time, the eggs were opened and certain tissues were examined. The results showed that the parent virus multiplied and disseminated well at 38.5 C. Embryos infected with a low inoculum of HR were dead between 24 and 36 h, but the mutants failed to multiply in any of the tissues or to kill the embryos.
In They were smaller in size, the bones were soft, and few feathers were seen. Numerous petechiae were seen in the dorsal tail area. In the area of inoculation, the CAM from the infected embryo was devoid of blood, thick, and opaque. In contrast to the translucent, firm quality of the normal brain, the brain taken from an infected embryo 36 h after inoculation was dull and soft in consistency. Focal petechiae were frequently present. Just prior to death, the embryo appeared edematous and hemorrhagic, especially in the dorsal head region. Again there were no obvious pathophysiological changes with the HR-infected embryos until death.
In a preliminary effort to substantiate the gross abnormal changes observed, histopathological observations were made on selected sections of tissues with notable changes. Twenty-four hours after inoculation by the CAM route with Sts-17 (103.8 PFU) at 33 C the CAM showed focal areas of inflammation. At death, more than 12 h later, there was widespread encephalitis with perivascular inflammation, neuronal degeneration, and changes suggesting extensive demyelinization of the brain tissue. The CAM showed widespread, acute inflammation, and there was severe, diffuse inflammation of the liver. More extensive and intensive observations will be made on a large variety of organs and tissues which will include the use of fluorescent antibody techniques, when better control of the infectious process is reproducibly achieved by properly chosen temperature shifts (e.g., 32).
Revertants. The following experiment was designed to test whether death at the nonpermissive temperature using fairly large inocula was due to the selection of ti revertants as might be expected or to some other dose-related phenomenon. Eggs were infected with a high inoculum (-1'1065 PFU) of the ts mutant and incubated at 38.5 C. The results of the kinetic studies are shown in Table 5 . Because equivalent titers were obtained in plaque assays carried out simultaneously at 30 and 39.5 C only after multiplication in the tissues of the eggs was apparent, it was concluded that death was probably due to the selection of a ti revertant.
The selection process appears to have already been underway and obvious at 15 h.
The stability of the virulence characteristics of the revertant population was established by conducting an LD50 assay with the CAM homogenates taken at the time of embryo death. Eggs were inoculated by the CAM route with the homogenates and incubated at the nonpermissive temperature of 38.5 C. The calculated LD50 for each revertant taken from eggs originally infected with Sts-2, Sts-4, Sts-10, or Sts-17, respectively, was 108-3, 1090, 107-6, or 108.7. When compared with LD50 results obtained from the ts mutants (Table 2) , it is evident that the CAM homogenate populations were more virulent, as expected for ti revertants. Furthermore, plaque assays of recovered virus from the CAMs of second-round dead embryos also indicated that death in the LD50 assay associated with these populations was due to ti revertants. It is concluded that death at the high temperature after inoculation of the ts mutants at the doses chosen was due to selection of virulent, ti revertants. with the mutants and incubated at 38.5 C. In contrast, HR multiplied and disseminated well at 38.5 C, and was recovered from all of the tissues examined within 10 h after inoculation (data not shown).
DISCUSSION
The parent and the ts mutants were able to multiply and disseminate in the embryonated egg at 33 C. Death occurred within 24 to 36 h for the parent and 48 h or later with the mutants, even though the infecting doses of the latter were higher. The rate of viral multiplication and dissemination varied with the mutant, but their pathways of spread appeared quite similar to HR. Viral multiplication first occurred in the CAM, followed apparently by the amniotic membrane and/or stalk area, the yolk sac, and finally in the torso and brain ( Table 4) .
As in many other arbovirus infections, viremia was established early. To maintain and to establish viremia, growth of the virus in nonneural tissues is essential. The route of viral spread proposed above does not eliminate the possibility that virus was multiplying in the endothelium of the blood vessels. Johnson (20) , by using fluorescent antibody staining techniques, was able to demonstrate multiplication of Sindbis virus in the endothelium of blood vessels of suckling mice (as well as in muscle cells). The virulence of the virus, as expressed by the pathology of the key tissues involved in death, may (21-23) or may not depend upon the route of inoculation (2, 13, 19, 31) .
One of the interesting observations which evolved from the kinetic studies was that the infectious processes at 33 C, a permissive temperature, are not only slower with the mutants, but exhibited pathophysiological signs that are not seen in the more rapid, virulent infection by the parent; death due to the parent occurs in less than 24 h even with a very low inoculum. These results are summarized in Table 6 . One outstanding observation, for example, is that the petechiae and small hemorrhages that were observed in the embryos well before death caused by the mutants were not seen in embryos infected by the parent until massive hemorrhages appeared simultaneously with death. At death, the pathological changes involving extensive hemorrhaging and complete liquefactive necrosis of brain were the same regardless of whether the infecting agent was the parent or any of the mutants.
In infected embryos incubated at high temperatures, there was neither a delay in hatching nor any obvious signs of infection in the surviving hatched chicks as compared with the controls. In contrast, a study using an RNA+ ts mutant of Eastern encephalitis virus (another group A arbovirus) revealed that there was a To study the reversion frequency to virulence in vivo, a fairly large inoculum of the ts mutant was injected into the chicken embryo and incubated at the nonpermissive temperature (38.5 C). The selection of a ti revertant was apparent after 15 h, and it was found that death was indeed due to a ti revertant and probably not a result of some other dose-related phenomenon.
Furthermore, in a subsequent LD,0 assay, the stability of the temperature insensitivity and virulence characters of the revertants was established.
In summary of the observations, infection with Sts mutants and parent HR virus tentatively suggest the following broad outline, or first approximation, of Sindbis virus multiplication and dissemination in the tissues examined which eventually leads to death of the embryo. Virus multiplies soon after CAM inoculation, becomes viremic, and then disseminates to and multiplies in the amnion or stalk area and yolk sac membranes and, finally, in the torso and brain. The present data do not permit a delineation of which tissues or organs in the torso and brain are the key target tissue(s) for pathology and death. It is noteworthy, however, that ts mutants permitted pathophysiological observations to be made that were absent or masked in the more rapid, lethal infections by their parent. By choosing an appropriate single temperature or by temperature-shift experiments (32) , combined with histopathological studies including the use of fluorescent antibody on selected tissues in the embryo, a better understanding of the pathogenic process can be expected. The detailed histopathological studies will be made when we have achieved fine control in our system by appropriately chosen temperature shifts.
Although much of the work done in this and the accompanying study was preliminary groundwork for future studies, results indicate that, as a model system, ts mutants of viruses possess potential for increasing the understanding of the basis of viral pathogenesis and immunity in the animal host.
